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  18 
Abstract 19 
The objective of this pilot study was to investigate the influence of rein contact and 20 
the movement of the rider’s hand on the horse’s behaviour, analysing data on horses ridden 21 
in two different head and neck positions. We hypothesized that the rider’s hand movements 22 
and rein tension generate behavioural responses from the horse, and more so when ridden 23 
on the bit compared to free and unrestrained. Data were collected from seven dressage 24 
horses/riders in sitting trot on a high-speed treadmill. Kinematics were recorded using a 25 
12-camera, infrared-based opto-electronic system. Behavioural recordings were made from 26 
video and three horses wore a rein tension meter. After stride split, data were standardised 27 
to 0-100% stride duration. Mixed models were used to analyse how the behaviours varied 28 
over the stride cycle; trial within horse was treated as a random effect, while percentage of 29 
stride, rein tension and kinematic variables mainly related to the rider’s hand were entered 30 
as fixed effects. Behaviours discerned were lip movement, mouth movement, open mouth, 31 
ear position, head tilt and tail movement. Mouth movements were associated with the 32 
suspension phase of the trot and percentage of stride was highly significant (P<0.0001). 33 
Head and neck position was non-significant in the final models, while rein tension and the 34 
distance between the rider’s hand and the horse’s mouth affected the amount of mouth 35 
movements. The results from this preliminary study convey the large variations between 36 
horses and riders, as well as the complexity of the interaction. 37 
 38 
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  40 
Introduction 41 
While trotting, vertical and horizontal accelerations and decelerations of the horse’s 42 
trunk occur at each diagonal stance (Byström et al., 2009). These natural forces lead to a 43 
variation in the pressures the rider applies on the horse’s body. The rider is pressed against 44 
the saddle at deceleration (from the beginning of the stance phase to midstance) and 45 
pushed out of the saddle at acceleration (from midstance to the beginning of the next 46 
stance, including the suspension phase) (Byström et al., 2009). The rider’s ability to adjust 47 
to the horse’s movement affects the pressure signals applied and poor absorption may lead 48 
to the rider exerting undue force on the reins in an attempt to regain position (Heleski et 49 
al., 2009). Training horses generally involves using negative reinforcement, e.g. an applied 50 
pressure is released when the horse responds in the desired way, the timing of the release 51 
being the crucial element of learning (McGreevy and McLean, 2007). If variations in rein 52 
tension are made accidentally and interpreted by the horse as signals, it may result in 53 
confusion and poor learning (Saslow, 2002). The bit has further implications: oral 54 
behaviours are displayed as a response to bit pressure (Manfredi et al., 2010), excessive bit 55 
pressure causes discomfort (Manfredi et al., 2005), and scars in the mouth of the riding 56 
horse are common (Tell et al., 2008), but light rein cues and repeated release from bit 57 
pressure may lead to more wanted behaviour (Egenvall et al., 2012).  58 
 59 
This study is part of a larger project studying the biomechanical effects of various 60 
head and neck positions (HNPs) on the movement of the horse’s back and limbs 61 
(Weishaupt et al., 2006; Rhodin et al., 2009), as well as on motion patterns of the saddle 62 
and the rider’s seat (Byström et al., 2009). Using data from the same experiment, the aim 63 
of this study was to investigate the influence of rein contact and movement of the rider’s 64 
hand on the horse’s behaviour. We hypothesized that riding the horse on the bit, compared 65 
to in the free, unrestrained position, would be more associated with behavioural displays 66 
from the horse and that the rider’s hand movements and rein tension would be temporally 67 
correlated to the stride cycle.  68 
 69 
Material and methods 70 
Material 71 
The study participants were Warmblood breed horses (1.70 ± 0.07 m) competing at 72 
Grand Prix level (n=6) and Intermediaire level (n=1) ridden by their usual riders (three 73 
males and four females, weight 78 ± 17 kg) with their own saddles and bridles, snaffle bits 74 
and English nosebands (some also wore flash nosebands). The nosebands were tightened to 75 
fit two fingers between the skin and the noseband ventral to the mandibula. The study had 76 
ethical approval from the Animal Health and Welfare Commission of the canton of Zürich 77 
(188/2005). 78 
 79 
Study design 80 
The data collection was performed on a high-speed treadmill (Mustang 2200) with an 81 
integrated force measuring system (Weishaupt et al., 2002) sampling at 420/480 Hz. The 82 
horses and riders were fitted with reflective markers, 19 mm in diameter. These markers 83 
were placed on the horse’s head (crista facialis; left/right), between the eye and the ear 84 
(eye; left/right) as well as on the withers (thoracic vertebra six, T6) and the lumbar vertebra 85 
three (L3) of the horse and, in addition, on the rider’s hands (hand; left/right). The markers 86 
were set in relation to a global coordinate system, calibrated before measuring each of the 87 
horses by creating a stance file aligned with the treadmill. To register the position of the 88 
markers 12 infrared cameras (ProReflex, Qualysis) were used at a frame rate of 140/240 89 
Hz for 12 s (n=2) or 15 s (n=5). Position was registered in millimetres along the X-, Y- and 90 
Z-axes. The X-axis was horizontal and positive in the horse’s direction of motion, the Y-91 
axis horizontal and positive to the left, and the Z-axis vertical and positive upwards. The 92 
trials were captured on video (left side of the horse). Three of the horses wore a rein 93 
tension meter (Futek 2357 JR S-Beam mini load cell force sensor) between the bit and the 94 
reins, weighing 28 g, and a Computer Boards AD-converter was used to register the signal. 95 
The sampling rate was 140 Hz for 15 s. The rein tension meter was calibrated before 96 
measuring each individual horse by suspending known weights ranging from 0 to 3 kg 97 
(rein tension results are presented in Newton). All the equipment was synchronised by a 98 
hardware start trigger pulse. Data collection was performed at trot, with the head and neck 99 
of the horse in the free, unrestrained position with loose reins (HNP1, 1 trial/horse) and 100 
with the neck raised, poll high and bridge of the nose slightly in front of the vertical, on the 101 
bit, as in dressage competitions (HNP2, 3-5 trials/horse) with the HNPs performed in 102 
random order (Rhodin et al., 2009). For the initial experiment, the horses were ridden in a 103 
speed series in HNP2 for speed matching to other HNPs (Weishaupt et al., 2006). For this 104 
reason there are numerous trials per horse in HNP2. 105 
 106 
Behaviour and kinematics 107 
The horses’ behaviour was studied frame by frame (25frames/s) in a GOM player 108 
(Gomlab, Gretech Corp.) by one reviewer. For each frame one or several behaviours were 109 
registered, described in Table 1. Because of a safety belt on the side of the treadmill, the 110 
horses’ mouth sometimes ended up out of sight. In the main analysis mouth-out-of-sight 111 
frames were considered absent for mouth behaviour (the frames were not excluded). To 112 
validate within-reviewer agreement in the behavioural data, the same reviewer re-evaluated 113 
one randomly chosen film for each horse (2477 frames). The criteria for agreement were 114 
that the same behaviour had to be registered as present or absent in the equivalent frame. 115 
Mouth-out-of-sight was not validated.  116 
 117 
Data were transferred to Matlab (The Math Works Inc.) where strides were divided at 118 
left forelimb first contact and time-standardised to 101 data points (0-100% of stride 119 
duration). A virtual marker defining the position and movement of the horses’ mouth 120 
(mouth) was created by calculating the distance and angle between the eye, crista facialis 121 
and the corner of the mouth in ImageJ (ImageJ 1.46k) using a picture of each horse’s head, 122 
extracted from the video films, standing still without tension on the reins. The kinematic 123 
variables studied were the distances: T6-mouth, mouth-hand (left/right), T6-hand 124 
(left/right) and L3-hand (left/right) as well as the ’nose’ angle of the horse’s head defined 125 
by the horizontal plane, the eye and the mouth (Appendix 1). 126 
 127 
Statistical analysis 128 
Descriptive statistics are presented for behavioural variables, kinematic variables, and 129 
rein tension, both as overall averages (means ± SD, range of motion (ROM) ± SD) and for 130 
selected variables over the stride and related to HNP. Mouth movements were analysed 131 
further as they appeared frequently in both HNPs and in all horses (Table 1). Mixed 132 
models (SAS Institute Inc.) were created with the dependent variable mouth movement. 133 
The most normal transformation of mouth movements (1/y
2
, 1/y, natural logarithm of y, 134 
square root of y or y
2
) was chosen based on a mean close to the median, a ‘small’ standard 135 
deviation, and low values of skewness and kurtosis. Trial within horse was used as random 136 
variable and the covariance structure was set to compound symmetry (indicating the 137 
within-horse correlation to be identical through trials). Fixed effects variables were 138 
percentage of stride cycle (baseline 0% of the stride), HNP (baseline HNP1, kept as a 139 
forced variable), speed (continuous, forced), rein tension (three horses) and the kinematic 140 
variables. The kinematic variables were transformed subtracting the minimum value for 141 
each horse. Both left/right variables were kept if only one was significant. Rein tension and 142 
the kinematic variables were transformed to dummy variables (four categories of which the 143 
two middle were equidistant) and tested for linearity. The ‘rein tension model’ was created 144 
using percentage of stride, rein tension (left/right), the distance mouth-hand (left/right), 145 
speed and HNP, while the ‘kinematic model’ included all variables except rein tension. 146 
Full multivariable models were reduced to models containing only variables with a group 147 
P-value of <0.05 (for at least one of the left/right variables). Percentages of stride were 148 
deemed as significant when consecutive Wald P-values were <0.0001. Univariable models 149 
(or bivariable for left and right variables) were created and finally, as percentage of stride 150 
possibly was systematically associated with mouth-out-of-sight, a model with percentage 151 
of stride as the only fixed effect was run where these observations were set to be present 152 
instead of absent.  153 
 154 
Results 155 
In total the seven horses were seen in 36 trials; 29 in HNP2 and seven in HNP1. In 156 
HNP2 the speed varied from 2.7 m/s to 3.4 m/s and in HNP1 2.9 m/s to 3.3 m/s. Rein 157 
tension was registered in three horses, 3 and 13 trials in HNP1 and HNP2, respectively. 158 
The mouth was out of sight in 2% (n=54) of the frames for HNP1 and in 10% (n=1067) for 159 
HNP2. In the behavioural validation there was 95% agreement of whether the same 160 
behaviour was present or absent in the equivalent frame. Mouth movement had an 161 
agreement of 79% (n=1967/2477 frames), lip movement and ears to the sides 93% (2306 162 
and 2315 of 2477 frames). Other listed behaviours agreed ≥95%.  163 
 164 
Behaviour 165 
Behaviours discerned were lip movement, mouth movement, open mouth, ear 166 
position, head tilt and tail movement. The overall mean and range of horse-means of each 167 
of the behaviours, per HNP, are found in Table 1. The mouth behaviours; mouth 168 
movement, lip movement and open mouth showed a temporal association to the suspension 169 
phase of the trot in HNP2 (Figs. 1-2). In HNP1 these behaviours had a more even 170 
distribution (data only shown for mouth movements, Fig. 1). The other behaviours (ear 171 
position, tail movement and head tilt) were not found to be related to HNP or temporally to 172 
the stride cycle and were therefore not further studied.   173 
 174 
Kinematic data 175 
Fig. 3 and Appendices 2-3 show the kinematic variables over the stride cycle, from 176 
which the minimum (standardised) value for each horse has been subtracted. Graphically, 177 
similar results were found for both HNPs except for the variation in distance mouth-hand, 178 
where the maximum distances were found during the suspension phase for HNP2, whilst in 179 
the first part of stance for HNP1 (Fig. 3). The first part of stance was also when the 180 
maximum distance T6-hand was found, while the maximum distance T6-mouth occurred 181 
around midstance (Appendix 2). Further, midstance was associated with a maximum nose 182 
angle (Appendix 3) and a maximum distance L3-hand (Appendix 2). 183 
 184 
Rein tension 185 
Fig. 4 demonstrates rein tension relative to the stride cycle. In HNP2 both reins 186 
showed peaks of tension at suspension and midstance with emphasis on the suspension 187 
phase, as well as higher tension for the right rein. In HNP1 peaks of rein tension occurred 188 
around midstance.  189 
 190 
Statistical models 191 
Square root transformation was deemed the best way to process mouth movement 192 
data. In the model with only percentage of stride as fixed effect, the ranges 11-39% and 57-193 
84% were significantly different (P<0.0001) from percentage 0 (seven horses, 35 trials, 194 
3535 observations). In the multivariable kinematic model all variables except speed and 195 
HNP were significant. Table 2 shows univariable and multivariable results, where the latter 196 
have also been transformed to the original scale, showing how much the behaviours would 197 
be expected to change compared to the baseline category. Percentages of stride from 12-198 
37% and 60-76% had a significantly lower frequency of mouth movement (P<0.0001). 199 
Increasing the distance mouth-hand left increased the mouth movements most 200 
pronouncedly.  201 
 202 
In the rein tension model percentage of stride (14-32% and 62-79% lowered the 203 
frequency of mouth movement) and left rein tension were significant, with increasing rein 204 
tension increasing the mouth movement (three horses, 16 trials, 1616 observations, Table 205 
3). Rein tension was not linearly related to the dependent variable. Comparing the 206 
categories for the left rein tension, all categories (>2-≤10 N, >10-≤18 N, >18 N) increased 207 
the frequency of mouth movement compared to baseline ≤2 N. The results from the 208 
multivariable model are partially different from the graphical (univariable) presentation.  209 
 210 
Speed was not significant in any model, while HNP was significant (P<0.0498) in the 211 
univariable kinematic model. The sensitivity analysis of setting mouth-out-of-sight 212 
registrations as present for mouth movements, instead of absent, did not show any 213 
differences regarding the conclusion relative to percentage of stride (data not shown).  214 
 215 
Discussion 216 
The most prominent finding was that mouth movements appeared significantly more 217 
often in the suspension phase of the trot in HNP2 (Fig. 1), as did lip movements and open 218 
mouth (Fig. 2), compared to midstance. Controlling for other variables in the model, HNP 219 
did not affect mouth movements in the final model. Then again, from the horse’s point of 220 
view the difference between the HNPs in terms of interaction with the rider might have 221 
been quite small due to the nature of the experiment. During the 12 s/15 s data collection 222 
on the treadmill, the horses were already in the correct speed and head carriage and rider 223 
influence was likely limited. Further, HNP was completely associated with each trial and 224 
hence had a low statistical power. The effect of HNP on mouth behaviour therefore merits 225 
further investigation.  226 
 227 
Rein tension peaking around midstance when horses received no (or minimal) rein 228 
influence from the rider (HNP1) is similar to earlier findings (Clayton et al., 2011). The 229 
rein tension data for HNP2 was more complicated to interpret. Unexpectedly, the left rein 230 
tension, and not the right, increased the amount of mouth movements, while the right rein 231 
actually decreased the amount of mouth movements. This is contradictory since the right 232 
rein showed a more pronounced association to the suspension phase (Fig. 3). The large 233 
variation between the three riders, in magnitude, frequency of spikes as well as left and 234 
right hand synchronisation (data not shown), could explain these complex results. The 235 
considerable differences between the left and right rein tension are interesting from an 236 
equestrian perspective as laterality/handedness in both riders and horses is very typical, 237 
while straightness is considered one of the cornerstones for progression in training. 238 
 239 
The correlation between mouth movements and the suspension phase is puzzling, 240 
especially in the light of the inconclusive results from the rein tension data. However, the 241 
distance mouth-hand (left/right) increased and decreased simultaneously with the mouth 242 
movements in HNP2 (Fig. 3), likely related to the rider being pushed out of the saddle 243 
during the suspension phase, as found by Byström et al. (2009) and suggests that the hand 244 
acting on the mouth creates the mouth movements. Further comparing to Byström et al. 245 
(2009), in the vertical and sagittal plane, the distance L3-hand peaked before the distance 246 
L3-rider seat (data not shown), which might indicate that the hand is more synchronised 247 
with the mouth than the seat, as the distance L3-hand (left/right) was largest at midstance 248 
when the distance mouth-hand was shortest. This separation of the hand from the seat is 249 
one of the hallmarks of an independent seat, but the ideal synchronisation with the mouth 250 
and how to achieve it is yet to be elucidated. We suspect that a sub-optimal seat may affect 251 
hand movements in a way less controlled by the rider (Engell et al., unpublished results). 252 
What the registered mouth movements in this study indicate from a behavioural point of 253 
view also needs further scrutiny. The vast literature on riding in general agrees that some 254 
mouth behaviours are desired by the rider. Manfredi et al. (2010) suggests that desirable 255 
mouth behaviour is mouthing the bit, referring to when the horse is displaying mandibular 256 
and/or tongue movement without separating the incisors by more than 1 cm, which 257 
resembles the mouth movements recorded in this study.  258 
 259 
Other interesting findings were that mouth movements decreased almost linearly with 260 
an increasing distance T6-mouth, i.e. an elongated neck, and that compared to baseline, 261 
mouth movements increased with an increasing nose angle. The latter may suggest that 262 
poll bending influences mouth movements. Then again, the horse can hold its head 263 
perpendicular in both HNP1 and HNP2, while it is the height of the horse’s head and neck 264 
that determines the degree of poll bending. It would thus have been useful to also study the 265 
poll angle (mouth-atlas-T6).  266 
 267 
Only few horses participated in this study and whether results can be used for 268 
extrapolation to wider horse populations is uncertain. Frame by frame analysis had the 269 
advantage of behaviour being synchronized with all data. However, as cause-effect 270 
relationships in the horse-rider interaction cannot be expected to be precisely synchronised 271 
in time, other approaches that could have been used to find associations between kinematic 272 
and behavioural data may have involved time-shifting the data or other techniques to 273 
match the time series. A weakness of this study is that inter-observer reliability was 274 
neglected. In addition, the same data collection taking place over ground, instead of on a 275 
treadmill, may yield somewhat different results (Buchner et al., 1994).  276 
 277 
Horse and rider interaction is complex, involving multiple parameters affecting the 278 
outcome, as seen from the modeling where by principle only significant variables remain 279 
and almost all selected variables did so. A certain non-signal variation in rein tension is 280 
likely unavoidable. The question is when the demonstrated variation becomes a sign of 281 
horse or rider instability, interfering with the communication or comfort for horse and rider 282 
(Heleski et al., 2009).  283 
 284 
Conclusions 285 
By combining recordings of the horse’s behaviour with kinematic data representing 286 
the rider’s hand movement, we attempted to find variables affecting horse-rider 287 
interactions. Findings were that the horse displayed mouth movements mainly during the 288 
suspension phase of the trot and it is suggested that the rider’s hand movements create this 289 
behaviour. The rein tension data was complicated to interpret, but it can be concluded that 290 
rein tension differs immensely between horses and riders and we suggest that assessing 291 
rein tension in relation to the stride cycle is as important as having a large number of study 292 
objects. The results confirm the complexity of horse-rider interactions and the large 293 
variations between horses and riders. Nevertheless, considering this study as a pilot, 294 
including limited ability for extrapolation and mainly emphasizing the results with the 295 
lowest p-values, we believe that combining ethological studies with biomechanical 296 
measurements has considerable benefits when studying horse-rider interaction.  297 
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  363 
Formatted: English (U.S.)
Table 1 364 
Ethogram; percentages of the time each of the behaviours was displayed 365 
 366 
 367 
 368 
The ethogram presents the percentages of the time each of the behaviours were seen during 369 
the standardised stride cycle in the free position (head and neck position 1, HNP1) and on 370 
the bit (HNP2). The table describes the mean of individual mean values of the entire group 371 
and the ranges for the individual horses between brackets. The data are collected from 372 
seven horses in 29 trials for HNP2 and seven trials for HNP1. 373 
   374 
HNP
Ethogram Description
1 1 (0, 3) 1 (0, 4) 0 (0, 0) 3 (0, 17) 0 (0, 2)
2 6 (0, 16) 7 (0, 10) 0 (0, 8) 16 (0, 26) 2 (0, 17)
1 2 (0, 12) 4 (0, 9) 0 (0, 0) 12 (0, 26) 0 (0, 12)
2 2 (0, 9) 3 (0, 9) 0 (0, 5) 9 (0, 21) 1 (0, 8)
1 14 (1, 36) 13 (1, 13) 1 (0, 18) 36 (6, 67) 8 (0, 4)
2 23 (10, 44) 13 (4, 11) 10 (4, 34) 44 (16, 52) 19 (6, 44)
1 1 (0, 4) 2 (0, 3) 0 (0, 0) 4 (0, 12) 0 (0, 5)
2 2 (0, 7) 3 (0, 6) 0 (0, 4) 7 (0, 12) 2 (0, 6)
1 0 (0, 2) 1 (0, 3) 0 (0, 0) 2 (0, 6) 0 (0, 0)
2 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 1) 0 (0, 0)
1 25 (0, 100) 43 (0, 4) 0 (0, 100) 100 (0, 100) 0 (0, 100)
2 28 (0, 100) 36 (0, 47) 0 (0, 100) 100 (0, 100) 14 (0, 100)
1 51 (0, 100) 48 (0, 8) 0 (0, 100) 100 (0, 100) 46 (0, 100)
2 59 (0, 100) 34 (0, 45) 0 (0, 100) 100 (0, 100) 58 (0, 100)
1 23 (0, 90) 35 (0, 6) 0 (0, 88) 90 (0, 94) 0 (0, 88)
2 13 (0, 28) 10 (0, 33) 0 (0, 12) 28 (0, 76) 14 (0, 18)
1 1 (0, 4) 2 (0, 3) 0 (0, 0) 4 (0, 6) 0 (0, 6)
2 2 (0, 16) 6 (0, 12) 0 (0, 0) 16 (0, 25) 0 (0, 19)
1 1 (0, 4) 2 (0, 4) 0 (0, 0) 4 (0, 12) 0 (0, 3)
2 1 (0, 3) 1 (0, 4) 0 (0, 0) 3 (0, 8) 0 (0, 2)
1 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0)
2 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0) 0 (0, 0)
1 2 (0, 8) 3 (0, 0) 0 (0, 0) 8 (0, 0) 1 (0, 0)
2 11 (1, 30) 11 (1, 15) 1 (0, 13) 30 (2, 40) 7 (1, 38)
Mean
Range
SD Min Max Median
Range Range Range Range
Upper lip 
movement
Upper lip is drawn 
upwards or outwards, 
teeth visible
Lower lip 
movement
Lower lip is drawn 
downwards, teeth 
visible
Mouth 
movement
Slight opening of the 
mouth or slight lip 
movement
Gaping Space is visible 
between upper and 
lower jaw
Ears 
pressed 
back
Ears pressed back and 
downward
Out of sight Mouth hidden behind 
a vertical belt next to 
treadmill
Tail 
movement
Rotating, or lateral or 
vertical movement of 
the tail
Head tilt The head is held 
oblique
Head shake Throwing the head 
upward, downward or 
from side to side
Ears back Ears angled backwards
Ears 
forward
Ears angled forward
Ears to the 
sides
Ears angled to the 
sides
Table 2 375 
Univariable and multivariable ‘kinematic’ models 376 
 377 
 378 
 379 
‘Univariable’ (with left and right variables where existent) and multivariable (with all 380 
variables; intercept; 0.31 (SE 0.428)) mixed models for the kinematic variables with the 381 
dependent variable mouth movement (square root transformed). Data were collected from 382 
seven horses in 35 trials with 101 data points for each standardised trial (n=3535). Trial 383 
within horses is incorporated as a random effect and head, neck position (HNP) and speed 384 
are forced. The kinematic variables were transformed subtracting the minimum value for 385 
each horse. Stride index has a group P<0.0001 in the multivariable model (see text for 386 
further details). (BL-baseline, HNP1-free head and neck position, HNP2-on the bit, L3- 387 
lumbar vertebra three, Nose angle-the angle: horizontal plane-eye-mouth, T6-thoracic 388 
vertebra six). 389 
  390 
Variable N Estimate SE P -value
Group 
P -value Estimate SE P -value
Group 
P -value
Back-
transformed 
value
T6-mouth >90 804 -0.18 0.013 <0.0001 <0.0001 -0.14 0.019 <0.0001 <0.0001 -0.02
(mm) >60<=90 748 -0.10 0.009 <0.0001 -0.07 0.012 <0.0001 -0.005
>30<=60 1078 -0.02 0.008 0.0018 -0.01 0.009 0.13 -0.0002
<=30 (BL) 905 0 0 0
L3-hand >75 704 -0.25 0.011 <0.0001 <0.0001 0.02 0.019 0.41 <0.0001 0.0003
left (mm) >50<=75 947 -0.17 0.009 <0.0001 -0.01 0.014 0.41 -0.0001
>25<=50 1092 -0.06 0.008 <0.0001 0.02 0.010 0.02 0.0006
<=25 (BL) 792 0 0 0
L3-hand >75 772 -0.23 0.010 <0.0001 <0.0001 0.0004 0.020 0.98 <0.0001 0
right (mm) >50<=75 913 -0.17 0.009 <0.0001 -0.02 0.015 0.23 -0.0003
>25<=50 1052 -0.05 0.008 <0.0001 0.02 0.011 0.12 0.0003
<=25 (BL) 798 0 0 0
T6-hand >60 785 -0.14 0.018 <0.0001 <0.0001 -0.03 0.019 0.07 0.16 -0.001
left (mm) >40<=60 875 -0.08 0.013 <0.0001 -0.01 0.012 0.61 -0.00004
>20<=40 1127 -0.05 0.010 <0.0001 -0.01 0.009 0.49 -0.00004
<=20 (BL) 748 0 0 0
T6-hand >60 893 0.02 0.015 0.16 <0.0001 -0.09 0.016 <0.0001 <0.0001 -0.01
right (mm) >40<=60 800 0.05 0.012 0.0002 -0.02 0.012 0.04 -0.001
>20<=40 1076 0.05 0.010 <0.0001 -0.002 0.009 0.79 0.00001
<=20 (BL) 766 0 0 0
Mouth-hand >75 875 0.01 0.016 0.36 <0.0001 0.02 0.023 0.35 0.0003 0.0004
left (mm) >50<=75 577 0.06 0.014 <0.0001 0.05 0.016 0.0005 0.003
>25<=50 919 0.03 0.011 0.01 0.03 0.010 0.0007 0.001
<=25 (BL) 1164 0 0 0
Mouth-hand >75 890 0.08 0.015 <0.0001 <0.0001 0.003 0.022 0.88 <0.0001 0.00001
right (mm) >50<=75 842 0.06 0.014 <0.0001 0.01 0.017 0.72 0.00004
>25<=50 767 0.08 0.011 <0.0001 0.04 0.011 <0.0001 0.002
<=25 (BL) 1036 0 0 0
Nose angle >18 1203 -0.01 0.020 0.55 0.01 0.01 0.024 0.62 0.01 0.0001
(degrees) >12<=18 750 0.04 0.020 0.04 0.05 0.020 0.01 0.002
>6<=12 601 0.01 0.014 0.49 0.03 0.013 0.03 0.0008
<=6 (BL) 981 0 0 0
Speed (m/s) linear 0.002 0.002 0.14 0.14 0.001 0.001 0.61 0.61 0.0000005
HNP HNP2 2828 0.04 0.020 0.05 0.05 0.03 0.038 0.50 0.50 0.0006
HNP1 (BL) 707 0 0 0
Multivariable modelUnivariable model
Table 3 391 
Univariable and multivariable ‘rein tension’ models 392 
 393 
 394 
 395 
‘Univariable’ (with left and right variables where existent) and multivariable (with all 396 
variables; intercept; 0.81 (SE 0.896)) mixed models for the rein tension model with the 397 
dependent variable mouth movement (square root transformed). Data were collected from 398 
three horses in 16 trials with 101 data points for each standardised trial (n=1616). Trial 399 
within horses is incorporated as a random effect and head, neck position (HNP) and speed 400 
are forced. The kinematic variables were transformed subtracting the minimum value for 401 
each horse. Stride index has a group P<0.0001 in the multivariable model (see text for 402 
further details). (BL-baseline, HNP1-free head and neck position, HNP2-on the bit). 403 
  404 
N Estimate SE P -value
Group
 P -
value Estimate SE P -value
Group
P -
value
Back-
transformed 
value
Left rein >18 191 -0.02 0.023 0.31 <0.0001 0.05 0.023 0.02 0.01 0.003
tension (N) >10<=18 352 -0.02 0.021 0.44 0.04 0.020 0.04 0.002
>2<=10 574 0.05 0.016 0.003 0.05 0.015 0.001 0.002
<=2 (BL) 499 0 0 0
Right rein >18 210 0.02 0.021 0.28 <0.0001 -0.04 0.021 0.05 0.04 -0.002
tension (N) >10<=18 308 -0.04 0.020 0.07 -0.02 0.020 0.23 -0.0006
>2<=10 668 -0.09 0.014 <0.0001 -0.04 0.015 0.01 -0.001
<=2 (BL) 430 0 0 0
Distance >75 343 -0.16 0.032 <0.0001 <0.0001 -0.05 0.035 0.13 <0.0001 -0.003
mouth-hand >50<=75 290 0.02 0.022 0.28 0.04 0.023 0.10 0.001
left (mm) >25<=50 478 0.01 0.017 0.77 0.05 0.017 0.006 0.002
<=25 (BL) 505 0 0 0
Distance >75 449 0.20 0.028 <0.0001 <0.0001 0.08 0.031 0.007 0.008 0.007
mouth-hand >50<=75 433 0.11 0.025 <0.0001 0.06 0.025 0.02 0.003
right (mm) >25<=50 290 0.11 0.020 <0.0001 0.06 0.019 0.002 0.004
<=25 (BL) 444 0 0 0
Speed linear -0.0001 0.003 0.96 0.96 -0.001 0.003 0.68 0.68 -0.000001
HNP HNP2 1313 0.06 0.126 0.65 0.65 -0.007 0.129 0.96 0.96 -0.00005
HNP1 (BL) 303 0 0 0
Univariable model Multivariable model
 405 
 406 
Fig. 1. The mean percentage of mouth movements (±SD, blue line and filled blue area 407 
HNP1 (head and neck position 1), green line and filled green area HNP2, SD values are 408 
truncated at zero) standardised to 0-100% stride cycle in the free position (HNP1) and on 409 
the bit (HNP2). Data were collected from seven horses during 29 trials for HNP2 and 410 
seven trials for HNP1. Stance bars (top to bottom; left fore, right fore, left hind and right 411 
hind) demonstrate the stride cycle. 412 
 413 
 414 
 415 
 416 
Fig. 2. The mean percentage of open mouth and lip movements (±SD, blue line and filled 417 
blue area open mouth, green line and filled green area lip movement, SD values are 418 
truncated at zero) when ridden on the bit (head and neck position 2, HNP2) , standardised 419 
over the stride cycle (0-100%). Data were collected from seven horses during 29 trials. 420 
Stance bars (top to bottom; left fore, right fore, left hind and right hind) demonstrate the 421 
stride cycle.  422 
 423 
 424 
 425 
 426 
Fig. 3. The mean variation in distance between the horse’s mouth and the rider’s hands 427 
(left/right) (±SD, filled areas above and below lines belong to the lines of similar colour, 428 
SD values are truncated at zero) standardised over the stride cycle (0-100%) in the free 429 
position (head and neck position 1, HNP1) and on the bit (HNP2). Values have been 430 
transformed by subtracting the minimum value for each horse per HNP. Data were 431 
collected from seven horses during 29 trials in HNP2 and seven trials for HNP1. Stance 432 
bars (top to bottom; left fore, right fore, left hind and right hind) demonstrate the stride 433 
cycle. 434 
 435 
 436 
 437 
 438 
Fig. 4. The mean distribution of rein tension for the left and right rein (±SD, filled areas 439 
below and above lines belong to the lines of similar colour, SD values are truncated at 440 
zero) standardised over the stride cycle (0-100%) in the free position (head and neck 441 
position 1, HNP1) and on the bit (HNP2). Data were collected from three horses during 13 442 
trials for HNP2 and three trials for HNP1. Stance bars (top to bottom; left fore, right fore, 443 
left hind and right hind) demonstrate the stride cycle.  444 
 445 
 446 
 447 
 448 
Appendix 1. The kinematic variables studied. The red dots indicate the placement of the 449 
markers and the red lines between the dots indicate the distances studied. The angle 450 
between the horizontal plane, the eye and the mouth is shown on the horse’s head. The 451 
picture has been retouched.  452 
Nose angle 
T6-mouth 
Mouth-hand 
L3-hand 
T6-hand 
 453 
 454 
 455 
Appendix 2. The mean variation in distance between the horse’s withers (T6) and the 456 
rider’s hands (left/right), the horse’s lumbar vertebra three (L3) and the rider’s hands 457 
(left/right) and the horse’s mouth and T6 (±SD, filled areas above and below lines belong 458 
to the lines of similar colour), standardised over the stride cycle (0-100%) when ridden on 459 
the bit (HNP2). Values have been transformed by subtracting the minimum value for each 460 
horse in HNP2. Data were collected from seven horses during 29 trials. Stance bars (top to 461 
bottom; left fore, right fore, left hind and right hind) demonstrate the stride cycle. 462 
 463 
 464 
 465 
Appendix 3. The mean variation in angle in front of the horse’s head between the 466 
horizontal plane, the eye and the mouth (±SD, filled areas above and below lines belong to 467 
the lines of similar colour, SD values are truncated at zero) standardised over the stride 468 
cycle (0-100%) when ridden in the free position (head and neck position 1, HNP1) and on 469 
the bit (HNP2). Values have been transformed by subtracting the minimum value for each 470 
horse per HNP.  Data were collected from seven horses during 29 trials. Stance bars (top to 471 
bottom; left fore, right fore, left hind and right hind) demonstrate the stride cycle. 472 
 473 
